ABSTRACT. Prior exposure of Vibrio parahaemolyticus and V. vulnificus cells to pH 5.5 resulted in an adaptive acid tolerance response of these bacteria to pH 4.0. Acid adapted V. parahaemolyticus and V. vulnificus cells at pH 5.5 for 1 h were reduced by 5 logs within 2 h after exposure to pH 4.0, while non-acid adapted cells were reduced by 4.5 logs within 15 to 30 min after exposure to pH 4.0. Chloramphenicol treated cells were not acid tolerant and were reduced by more than 5 logs within 10 min after exposure to pH 4.0 conditions. This study suggests that development of acid tolerance in V. parahaemolyticus and V. vulnificus may increase the likelihood of these bacteria to survive the acid environment found in the human stomach. [ 
INTRODUCTION
V. parahaemolyticus and V. vulnificus are naturally occurring bacteria distributed in estuarine environments. They are associated with seafood including molluscan shellfish (DePaola et al., 1994; Motes et el., 1998; DePaola et al., 2000) . V. parahaemolyticus and V. vulnificus infections are associated with consumption of raw or undercooked shellfish and wound infections via seawater (Shapiro et al., 1998; Daniels et al., 2000) . Ingestion of V. vulnificus from raw oysters can result in 60% mortality in people who are susceptible to this bacterium (Shapiro et al., 1998) . Recent V. parahaemolyticus outbreaks in the United States were associated with consumption of raw or undercooked oysters harvested from the Washington, Texas, and New York areas DePaola et al., 2000) . The clinical isolates of V. parahaemolyticus collected from Galveston Bay, Texas were serotype O3:K6 (DePaola et al., 2000) , commonly associated with V. parahaemolyticus illnesses in Asia (Okuda et al., 1997) .
Pathogenic bacteria may be subjected to a variety of stresses found in the environment, in foods, and in the human host. The gastric barrier in humans is lethal to most ingested microorganisms (Peterson et al., 1989) . Foods high in protein may protect bacteria from the acidic environment thus increasing survival (Waterman and Small, 1998) . In addition, reduction of gastric acid through the use of antacids can lower the infective dose of Vibrio cholerae needed to cause human illness (Cash et al., 1974) . It was also shown to increase the survival of V. vulnificus in a gastrointestinal model (Koo et al., 2001) .
V. cholerae, V. parahaemolyticus, and V. vulnificus are acid sensitive (Wong et al., 1998; Koo et al., 2000a and 2000b) compared with other enteric pathogens such as Salmonella typhimurium, Salmonella typhi, Shigella flexneri, and Escherichia coli O157:H7 (Waterman and Small, 1998) . The acid tolerance of enteric pathogens is highest in the late log or stationary phase (Gorden and Small, 1993; Arnold and Kaspar, 1995; Benjamin and Datta, 1995; De Koning-Ward and Robins-Browne, 1995) . Acid adaptation enhanced survival of S. typhimurium, Aeromonas hydrophila, and E. coli O157:H7 in acidic foods (Foster and Hall, 1990; Karem et al., 1994; Leyer et al., 1995) and induced cross protection against environmental stresses encountered during food processing, including heat, osmotic, or oxidative stress (Leyer and Johnson, 1993; Ryu and Beuchat, 1998; Garren et al., 1998) . Urease, an enzyme responsible for hydrolyzing urea to form carbon dioxide and ammonia, contributed to higher internal cell pH and enhanced the acid tolerance of Yersinia enterocolitica (De Koning-Ward and Robins-Browne, 1995) .
Similar characteristics were also found in V. parahaemolyticus (Wong et al., 1998) . Adaptation of V. parahaemolyticus to environment stresses induces cross protection against other environmental stresses (Koga and Takumi, 1995a and b) . For example, V. vulnificus after exposure to an intermediate cold temperature of 15°C showed higher survival at lower temperatures compared with unadapted cells (Bryan et al., 1999) . Protein synthesis played a significant role in protecting the cells against acid stress or cold temperatures (Foster and Hall, 1990; Karem et al., 1994; Wong et al., 1998; Bryan et al., 1999) . Protein synthesis induced by acid stresses protects cells from denaturation or damage by maintaining internal pH values close to neutral and preventing or repairing damage to DNA (Karem et al., 1994) .
Understanding factors that may affect the survival of V. parahaemolyticus and V. vulnificus is an important issue for protecting public health. The objectives of the this study were: (1) to evaluate the acid adaptation of V. parahaemolyticus and V. vulnificus at different growth phases after mild acid exposure to pH 5.5; and (2) to determine if protein synthesis is required for acid adaptation of V. parahaemolyticus and V. vulnificus.
MATERIALS AND METHODS

Bacterial Strains
Clinical isolates of V. parahaemolyticus TX-2103 (serotype O3:K6) and V. vulnificus MO-624 were obtained from the US Food and Drug Administration, Dauphin Island, AL. Both strains were maintained at room temperature on T 1 N 1 agar slants containing 10 g tryptone (Difco Laboratories, Detroit, MI), 10 g NaCl, 20 g bacto agar (Difco), and 1.0 L distilled water with sterile mineral oil overlaid.
Acid Tolerance
Cultures (0.1 ml) were inoculated into a flask containing 100 ml of T 1 N 1 broth containing 10 g tryptone, 10 g NaCl, and 1.0 L distilled water (pH 7.2) and grown at 35°C with shaking. Mid-log phase (2.5 h), late-log phase (6 h), and stationary phase (18 h) cultures were adjusted to pH 4.5 with sterile 1N HCl, and incubated at 35°C for 1 h with shak-ing. Aliquots were withdrawn before addition of HCl and after 1 h incubation, and plated onto tryptic soy agar (Difco Laboratories, Detroit, MI) supplemented with 1% NaCl (TSA-1) using a spiral plater (Microbiology International, Frederick, MD) to calculate the percent log survivors. Plates were incubated at 35°C for 18-20 h. The percent log survivors for each growth phase were calculated as follow: (log CFU/ml after 1 h incubation in acidified broth divided by the log CFU/ml before acid challenge) ϫ 100.
Acid Adaptation
An aliquot of 0.1 ml from overnight cultures was inoculated into a flask containing 100 ml of T 1 N 1 broth and grown at 35°C with shaking until mid-log phase. The mid-log phase cultures were acidified to mild acid at pH 5.5 using sterile 1N HCl, shaken and incubated at 35°C for 1 h. The cultures were then challenged at pH 4.0 by adding more HCl, and incubating for an additional 2 h. A second culture was challenged to pH 4.0 and incubated at 35°C for 15-30 min with shaking without the intermediate incubation step at pH 5.5. Aliquots were serially diluted in phosphate-buffered saline (PBS), and plated on TSA-1 using a spiral plater. Plates were incubated at 35°C for 18-20 h.
Protein Synthesis in Acid Adaptation
An aliquot of 0.1 ml from the overnight culture was inoculated into a flask containing 100 ml of T 1 N 1 broth and grown at 35°C with shaking until mid-log phase was achieved. The culture was treated with chloramphenicol (0.5 μg/ml) (Sigma Chemical Co., St. Louis, MO), and then acidified to pH 5.5 with sterile 1N HCl. Cultures were incubated at 35°C for 1 h with shaking. The cultures were challenged to pH 4.0 conditions by adding additional HCl, and incubating for 20 min. A second culture was similarly exposed to pH 5.5 for 1 h followed by pH 4.0, but no chloramphenicol was added. Aliquots were serially diluted in PBS, and plated on TSA-1 using a spiral plater. Plates were incubated at 35°C for 18-20 h.
Statistical Analysis
Comparison of means from four to eight measurements, at a significance level (p < 0.05), was performed by a one-way analysis of variance (ANOVA) using SPSS (SPSS Inc., Chicago, IL). Results are expressed as mean values ± standard deviations.
RESULTS AND DISCUSSION
Acid Tolerance
Plate counts of V. parahaemolyticus and V. vulnificus at pH 7.2 were 7.5 and 6.7 CFU/ml at the mid-log phase, 9.3 and 9.0 CFU/ml at the late-log phase, and 9.5 and 9.6 CFU/ml at the stationary phase, respectively, before challenging them to pH 4.5. Acid tolerance of V. parahaemolyticus and V. vulnificus was growth phase dependent (Figure 1) . V. parahaemolyticus was more acid tolerant at each growth phase at pH 4.5 compared with V. vulnificus. Acid tolerance of V. parahaemolyticus was the greatest (p < 0.05) at late-log phase with 83% survivors. There were no differences in acid tolerance of V. vulnificus between at late-log phase with 67% survivors and at stationary phase with 62% survivors. Mid-log phase V. parahaemolyticus and V. vulnificus cultures were the least acid tolerant with 65% and 38% survivors, respectively. In late-log phase, both V. parahaemolyticus and V. vulnificus were more acid tolerant compared with mid-log phase with 83% and 67% survivors, respectively. At the stationary phase, acid tolerance of V. parahaemolyticus and V. vulnificus decreased slightly (78% and 62%, respectively).
Acid tolerance can be caused by stress factors such as starvation, temperature, salinity, and pH (Arnold and Kaspar, 1995; Benjamin and Datta, 1995) . The acid tolerance of V. parahaemolyticus and V. vulnificus in this study is similar to results reported for multiple strains of E. coli O157:H7, S. flexneri, and Salmonella, that showed increased acid tolerance at the log-or stationary-phases (Arnold and Kaspar, 1995; Benjamin and Datta, 1995; Gorden and Small, 1993) . Since the enteric pathogens used in previous studies were exposed for longer periods of time to lower pH values, compared with V. parahaemolyticus and V. vulnificus used in this study, they had greater survivability and increased acid tolerance compared with V. parahaemolyticus and V. vulnificus.
Acid Adaptation
Exposure of V. parahaemolyticus and V. vulnificus to mild acid conditions (pH 5.5) for 1 h enhanced the survival of these bacteria at pH 4.0 (Figure 2 ) (p < 0.05). When the mid-log phase cultures at pH 7.2 were challenged to pH 4.0 without prior exposure to mild acid (pH 5.5), the non-adapted cultures declined 4.5 logs within 30 min. After acid adaptation for 1 h at pH 5.5, and subsequent challenges to pH 4.0 for 2 h, the adapted V. parahaemolyticus and V. vulnificus cells survived more than 4 times longer at pH 4.0 compared with non-adapted cells (p < 0.05). V. parahaemolyticus and V. vulnificus underwent rapid death when subjected to pH 4.0 without prior adaptation at pH 5.5. Wong et al. (1998) also showed that exposure of V. parahaemolyticus to mild acid conditions (pH 5.0) enhanced survival to subsequent lower acid challenges (pH 4.4). Compared with the non-adapted cells, the acid-adapted V. parahaemolyticus showed increased cross-protection against low salinity and thermal inactivation, and decreased the infective dose needed to cause illness in the suckling mouse model (Wong et al., 1998) . When V. vulnificus was adapted to 15°C prior to challenging it at 6°C, the cells remained viable and culturable, whereas shifting V. vulnificus cultures directly from 35°C to 6°C induced a non-culturable state (Bryan et al., 1999) . In addition, cold temperature (6°C) adapted V. vulnificus had higher survival rates following freezing at Ϫ78°C compared with cultures held at 35°C and then frozen (Bryan et al., 1999) .
Protein Synthesis in Acid Adaptation
Protein synthesis is required for acid adaptation of V. parahaemolyticus (Wong et al., 1998) and cold temperature adaptation of V. vulnificus (Bryan et al., 1999) . Although this study did not analyze protein profiles during acid adaptation, the addition of the protein synthesis inhibitor, chloramphenicol during the acid adaptation step, prevented acid tolerance adaptation in V. parahaemolyticus and V. vulnificus. This suggests that protein synthesis in V. parahaemolyticus and V. vulnificus is required for acid adaptation (Figure 3 ) (p < 0.05). Further investigations are needed to determine the specific proteins involved in the process and how their expression is regulated.
CONCLUSIONS
The adaptive acid tolerance of V. parahaemolyticus and V. vulnificus may enhance protection from acidic environments or other stresses and increase survival in such environments. The adaptive nature of V. parahaemolyticus and V. vulnificus to stress factors could be important because stress-adapted Vibrio may have a greater chance to survive the passage through the stomach and increase the risk of Vibrio infection. Since stress-adapted Vibrio have a tendency to develop cross-protection against other stress factors, post-harvest processing may require steps to minimize exposure of raw oyster to mild stress factors. This study demonstrated that acid adaptation increases the resistance of V. parahaemolyticus and V. vulnificus to low pH conditions, resulting in potential higher survival in the acid environment of the human stomach. 
